Abstract. Refractive index measurement by optical fiber sensors has proved to be effective in the research of biochemical and biomedical applications. The theoretical principles and technology underlying several microstructured fiber Bragg grating refractive index sensors developed over the past decade are classified and briefly summarized, and their future developments are considered. C 2010 Society of Photo-Optical Instrumentation Engineers.
Introduction
Optical fiber biosensors have been widely used in biochemical and biomedical applications due to such characteristics as immunity to electromagnetic interference and aggressive environments, small size, high sensitivity, and fast response [1] [2] [3] . Refractive index sensing has played an especially important role because a number of physical parameters, chemical parameters, and substances can be detected through measurements of refractive index. For example, the refractive index of solutions and gases usually increases linearly with concentration and density, respectively [4] ; the pH values of certain solutions can be measured by their refractive index [5] ; the refractive index of biofilm increases from 1.330 to 1.335 as the biofilm thickness increases from 0 to 2 mm [6] ; antigen-antibody tests can be based on refractive index variations of biological tissue [7] ; and DNA can be detected by measuring the changes of refractive index on the surface of the fiber [8] . Considerable effort has thus been devoted to the invention of diversified fiber sensors for refractive index sensing, including those based on evanescent fields [9] , long-period fiber gratings (LPFG) [10] , microstructured fiber Bragg gratings (FBG) [11] , and so on.
Of the various fiber refractive index sensors, those based on a microstructured FBG exhibit the advantages of wavelength demodulation, absolute measurement, and wavelength multiplexing [12, 13] . Additionally, a normal FBG, usually with a length ranging from 1 to 20 mm and a diameter of 125 μm, qualifies as one of the smallest sensors in the world, making it especially suitable for refractive index sensing in the biochemical and biomedical fields [14] . Since the invention of the FBG in 1978, FBG sensors have been used mainly in temperature and strain sensing, operating on the principle that the effective refractive index of the fundamental core mode and pitch length change with the outer temperature or strain and thereby cause the Bragg wavelengths to shift [15, 16] . In the past decade, some kinds of microstructured FBG sensors made by chemical etching processes have been developed for refractive index sensing, most of them based on the principle that the resonance wavelengths of the fundamental core mode and/or the cladding modes in single-mode fiber (SMF), or of the high-order core modes in fewmode fiber and multimode fiber (MMF), change with the variation of surrounding refractive index (SRI) [17] [18] [19] . The SRI can thus be obtained through measuring the wavelength shift of resonance modes in these microstructured FBGs.
In this review, various microstructured FBG refractive index sensors developed over the past ten years are presented and classified, their underlying theoretical principles are analyzed in detail, and their SRI sensing characteristics are compared. Future developments in this area are then considered.
Basic Theory of Microstructured FBG Refractive Index Sensors
As is well known, the FBG resonance condition can be expressed as [20] :
where FBG is the FBG period, λ to detect the variations of the SRI. Practically speaking, a normal FBG is intrinsically insensitive to the SRI because its fundamental core mode is well restricted to the fiber core, and its cladding modes are so well protected by the cladding that they are independent of the SRI. Therefore, a normal FBG is not suited to be a refractive index sensor. Nevertheless, if the cladding of a FBG is etched to the extent that the evanescent field of the fundamental core mode, high-order core modes, or cladding modes can easily interact with the SRI, then a microstructured FBG refractive index sensor is obtained. The many kinds of microstructured FBG refractive index sensors that have been developed in recent years are classified in this review as four types according to their structure and refractive sensing principle. The first type is the cladding-etched SMF FBG; the second is the core-etched SMF FBG; the third is the cladding-core-etched MMF FBG; and the fourth is the nonuniform-etched FBG. The structure of the first three kinds of FBGs is symmetrical, whereas the structure of the last kind of FBG is not. These four kinds of FBGs are inspected in detail in the following sections.
Cladding-Etched SMF FBG
The structure of a thinned single-mode fiber with its cladding etched by chemical etching in the FBG region is shown in Fig. 1 . Unlike the case for temperature and strain measurement, in the case of SRI sensing research, the effective refractive index n eff is only affected by SRI changes, while the surrounding temperature is assumed to be unchanged. The effective refractive index of both the core modes and the cladding modes is sensitive to the SRI. However, for many practical applications, temperature is an important factor, and thus great effort has been made to eliminate the impact of temperature on FBG refractive index sensors.
Characteristics of the Fundamental Core Mode in the Cladding-Etched SMF FBG
The behavior of the effective refractive index of the fundamental core mode as a function of the SRI in a cladding-etched single-mode FBG has been investigated by Iadicicco and Cusano [21] . They selected a SMF-28 fiber with a core diameter of 8.3 μm, an original cladding diameter of 125 μm, a core refractive index of 1.460, a refractive index difference of 0.36% for numerical analysis and experiment, and an effective refractive index n eff of the fundamental core mode of 1.4588 at an operating wavelength of 1550 nm. Based on the double-cladding fiber model theory, the numerical analysis showed that the effective refractive index of the fundamental core mode was not sensitive to the SRI until the cladding was etched to a diameter smaller than 20 μm; as the cladding was etched further, the fundamental core mode resonance wavelength λ B decreased for the same SRI, and the relative sensitivity of the sensors, defined as ( λ B /λ B ) ( n out /n out ), increased, where n out is the SRI and λ B and n out are the variation of λ B and n out , respectively. In addition, with the same cladding diameter, n eff showed a nonlinear relationship with the SRI n out and increased more and more rapidly with n out growing from 1.33 to that of the cladding, causing the resonance wavelength λ B to move to a longer wavelength in accord with Eq. (1). A higher relative sensitivity ( λ B /λ B ) ( n out /n out ) was observed as well, since the fundamental core mode was less confined in the core region, leading to an increased interaction with the surrounding medium. The theoretical calculation for SRI sensitivity is shown in Table 1 [21] , and the experimental curve of wavelength shift versus SRI in a SMF FBG with core diameter of 8.5 μm is shown in Fig. 2 [21] . A comparison of SRI sensitivity of the fundamental core mode for cladding-etched SMF FBGs with different core diameters has been completed by Xia et al. [22] . Their numerical analysis showed that the SRI sensitivity of the cladding-etched FGB with a thinner core diameter was larger than that of a thicker one. Thus, in order to increase the SRI sensitivity, a small-corediameter FBG should be chosen for the cladding etching process.
Characteristics of the Cladding Modes in the Cladding-Etched SMF FBG
Characteristics of the cladding modes in the cladding-etched SMF FBG have been researched by Chen [23, 24] , who utilized the double-cladding fiber model theory. Parameters for the numerical calculation were as follows: fiber core diameter 2a 1 = 6.4 μm, fiber cladding diameter 2a 2 dense to be discriminated from one another in real applications. However, with a decrease of the cladding diameter to 66.4 μm, the number of resonance cladding modes began to decrease significantly, the coupling strength grew, the distance between two resonance cladding modes increased, and the bandwidth of the resonance wavelengths became narrower, making it possible to observe the cladding-mode resonance wavelength with a spectral instrument. As the SRI increases under the condition of an unchanged cladding diameter, the effective refractive index of the v th -order cladding mode n cl,v eff increases more and more rapidly, causing the cladding resonance wavelength λ v B to shift to a longer wavelength, in accord with Eq. (2), and the sensitivity of the v th -order cladding mode defined by ( λ v B ) ( n out ) to increase as the SRI approaches the index of the cladding (the typical value of a fiber cladding index is about 1.44). In addition, the higher the order of a cladding mode used for SRI measurement, the more sensitive the device is to the SRI, as shown in Fig. 3 [23] , since the evanescent field of a high-order cladding mode interacts with the outer medium more easily than does a lower order mode.
As the cladding of a FBG is etched deeper and deeper, the mechanical strength of the fiber decreases. Thus, in order to obtain higher refractive index sensitivity and at the same time maintain mechanical strength, it is better to operate a cladding-etched FBG in the high-order cladding modes for SRI measurement instead of the fundamental core mode, since the etching depth is not so deep. Experiments carried out by Yun [25] showed the highest refractive index sensitivity of 172 nm per refractive index unit (RIU) by using the fourth-order cladding mode in a cladding-etched FBG, larger than the 71.2 nm/RIU [26] achieved by the fundamental core-core mode coupling.
Characteristics of the Few-Mode Application in the Cladding-Etched SMF FBG
A SMF FBG can be referred to as a few-mode-fiber FBG if the following conditions are met: more than one core mode can transmit in a fiber core if the operating wavelength is small enough to insure that the normalized frequency V is larger than 2.045, but at the same time, fewer than ten core modes transmit in the fiber core. Numerical analysis and experiments involving a cladding-etched few-mode-fiber FBG made with a normal G.652 SMF are reported in Ref. 27 . Under the condition that the operating wavelength is from 1000 to 1100 nm, the normal G.652 SMF operates in the few-mode application area. In this case, the fundamental core-core mode coupling LP 
Core-Etched SMF FBG
Unlike that of the cladding-etched SMF FBG, the numerical analysis of a core-etched FBG is based on the single-cladding geometrical model, in which the FBG cladding is substituted by the surrounding media for analysis. In this case, the fundamental core mode is considered, and if the few-mode conditions are met, some high-order core modes are also considered.
By solving the modal equation of the single-cladding geometrical model, the result of numerical calculation between the normalized transmission constant b versus normalized frequency V in a fiber is plotted with the blue curves in Fig. 4 . Meanwhile, the functional dependence of b upon V in a core-etched FBG with a core diameter a is given by [28] 
where n 1 is the index of the fiber core, n 2 is the index of the cladding (surrounding medium), λ B is the Bragg wavelength of one of the resonance core modes, β is the correspondent propagation constant, k is the wave number in vacuum, and is the FBG period. The curves of Eq. (3) in the wavelength windows between 1.5 and 1.6 μm for different core diameters are plotted by the straight lines in Fig. 4 [28] . It is clear that the intersection of the blue curves and straight lines can give the Bragg wavelength λ B of the correspondent resonance core modes; on the other hand, if λ B is detected, n 2 (SRI) will be obtained from Eq. (3). Some of the simulation and experimental results are summarized here. First, as the fiber core is etched, the Bragg wavelength λ B decreases for the same SRI. Second, the Bragg wavelength λ B changes faster in a thinner-core-diameter FBG than it does in a thicker FBG, other conditions being the same, with a corresponding increase in sensitivity for the sensor. Also, the SRI sensitivity is higher when the SRI is close to the index of the core (the typical value of a fiber core index is about 1.460), as shown in Fig. 5 [28] .
Experiment research on refractive-index sensitivity of the fundamental core mode in a coreetched FBG that was used to detect DNA is reported in Ref. 29 . The fiber core was etched to 3.4 μm, and the SRI increased until it nearly equaled the index of the core. The highest sensitivity ( λ B ) ( n out ) achieved was 1394 nm/RIU, a value higher than that achieved with the cladding-etched FBG mentioned above.
If the SRI is small enough to insure that the normalized frequency V is larger than 2.045, then some high-order core modes will appear in a core-etched SMF FBG, leading to a few-mode application. Numerical analysis in Ref. 30 shows that the SRI sensitivity increases with the order of core modes, other conditions being the same, the sensitivity of the third-order core mode increasing by at least a factor of 6 as compared to that of the fundamental core mode for a FBG etched down to a core diameter of 5 μm. However, the changes in the resonance wavelength of all the existing core modes are the same in the case when only the physical properties of the fiber, such as the core refractive index and the grating period, are altered. This is not the case when the SRI is changed. Therefore, on the one hand, in order to achieve the maximum SRI sensitivity, the wavelength shift of the highest order core mode of a core-etched FBG should be measured. On the other hand, if the observed shift for the higher order core modes is larger than that of the fundamental core mode, then the wavelength change is due to the change of SRI. This principle can be used for the simultaneous measurement of temperature and SRI by one core-etched FBG sensor operating in the few-mode application area.
Cladding-Core-Etched Multimode Fiber FBG
Since the core diameter of a multimode fiber is approximately 50 μm, its cladding can be removed by chemical etching more easily than that of a single-mode fiber. Multimode fibers where both the cladding and the core are etched are referred to as cladding-core-etched MMF FBG in this review. More than one core mode can propagate and satisfy the phase matching conditions in MMF FBGs, and the mode coupling in a MMF FBG is thus more complicated than in SMF FBGs. The mode coupling theory and temperature dependence characteristics in a MMF FBG with a core diameter of 50 μm and numerical aperture (NA) of 0.2 have been researched in detail in Ref. 31 , the results of which showed that, for a few-mode application, the Bragg grating in MMF at around 1.55 μm has 4 reflection wavelengths. By way of contrast, for a multimode application, the same FBG showed 19 reflection wavelengths, 10 of them attributed to a same core mode coupling and the rest attributed to the reflection to the neighboring core modes. In addition, all the reflection peaks had almost the same temperature dependence of 11.4 pm/
• C [31] , suggesting the possibility of the simultaneous measurement of temperature and SRI through one cladding-core-etched MMF FBG.
The experiments for a cladding-core-etched MMF FBG with NA = 0.22, D co = 50 μm, and a tilted angle of 0.7 deg for SRI sensing are reported in Ref. 32 . Before the etching process, the fundamental core-core mode LP 01→01 co→co was the most strongly coupled. The core-core mode coupling decreased linearly with increasing mode order. When the MMF FBG cladding was etched beyond 160 min, high-order core modes began to be blue-shifted, whereas the lower order core modes remained the same. When the cladding was etched beyond 250 min, the lower order core modes began to be blue-shifted at increasing rates with increasing etching time and mode order as well. When the MMF FBG core was etched to a 12-μm remaining core diameter, there were only two or three modes remaining in the core. These were investigated for SRI sensitivity by measuring a sugar solution with concentrations ranging from 0% to 60%, corresponding to the SRI ranging from 1.33 to 1.44. Experimental results showed that all existing core modes shifted to a longer wavelength more and more rapidly as the SRI increased, and the wavelength shift of LP 01→11 co→co was approximately two times that of LP 01→01 co→co [32] .
Nonuniform-Etched FBG
In this review, the term nonuniform-etched FBG refers to a special etching style, such as a D-shaped FBG, a partially etched FBG, and so on. This type of microstructured FBG is made using a single-mode fiber, and thus only the fundamental core mode can be employed for SRI The structure of a partially etched FBG is illustrated in Fig. 8 . Numerical and experimental results reported in Refs. 35 and 36 reveal that the single-peak Bragg wavelength of the fundamental core mode is separated to double-peak wavelengths with a dip between them, due to the formation of a narrow band gap inside the stop-band spectrum of the device, which results from the microstructure perturbation in the partially etched FBG, as shown in Fig. 9 . The resonance characteristics of a partially etched FBG are strongly dependent on etching position L 1 and L 2 , etching depth δ d , etching length L d , and SRI n out . The most important characteristic is that the wavelength of the dip increases linearly with SRI increasing from 1.33 to 1.457, larger than the cladding index, at room temperature. In addition, both the dip wavelength and the first-peak wavelength change linearly with surrounding temperature, but the D value between them does not change with the surrounding temperature at all. Meanwhile, the intensity of double peaks is almost independent of the temperature and of the SRI varying from 1.33 to that of the cladding. These conditions mean that the reflectance spectrum profile of the double peaks remains almost unaffected by the disturbance of the surrounding temperature but simply shifts. However, once the SRI increases to be larger than the cladding index, the intensity of double peaks decreases dramatically [36] .
Conclusions and Future Developments
In this review, the microstructured FBG refractive index sensors invented in the last ten years are classified as cladding-etched SMF FBGs, core-etched SMF FBGs, cladding-core-etched MMF FBGs, and nonuniform-etched FBGs. Some comparisons and common characteristics are summarized here. In the case of the cladding-etched SMF FBG, the fundamental core mode, the existing highorder core modes, and the existing cladding modes may be employed for the SRI measurement, the cladding modes revealing a higher SRI sensitivity than do the former two in the same microstructured FBG. The core-etched SMF FBG reveals the highest SRI sensitivity compared with other types of microstructured FBG SRI sensors. In the case of the cladding-core-etched MMF FBG, multiple resonant core modes can be utilized for SRI measurement, and these devices usually maintain a greater mechanical strength after etching than do the single-mode fiber FBG SRI sensors, but less than do the D-shaped FBG sensors, for the chemical etching being carried out on just one side of the D-shaped FBG. For the partially etched FBG, the reflective wavelength shift of the dip formed by the fundamental core mode is available for SRI measurement. For all of these microstructured FBG SRI sensors, the Bragg wavelength of any coupling mode moves toward shorter wavelengths as the etching depth increases, the deeper etching yielding higher SRI sensitivity for any coupling mode. Also, the Bragg wavelength of any coupling core mode and cladding mode in almost all types of the microstructure FBG increases more and more rapidly as the SRI increases from 1.33 to the index of the core or cladding, showing a nonlinear relationship between the wavelength shift and SRI variation, except for the dip wavelength in the partially etched FBG increasing linearly with the SRI growing from 1.33 to 1.457, larger than the cladding index. In particular, both the reflective wavelength and intensity of the D-shaped FBG with a circular core exhibit a linear relation with the SRI ranging from 1.33 to about 1.38, smaller than the cladding index. A high-order coupling mode exhibits a higher SRI sensitivity than does a low-order coupling mode under the same conditions, and thus the resonant cladding modes always show a higher SRI sensitivity than do the resonant core modes in the same FBG sensor. Finally, all the existing coupling modes in a cladding-etched SMF FBG, in a core-etched SMF FBG, or in a cladding-core-etched MMF FBG have been shown to possess approximately the same temperature dependence but not the same SRI sensitivity.
Apart from the microstructured FBG SRI sensors mentioned above, there are other special fiber grating sensors for SRI sensing as well, such as hybrid structure gratings in D fiber [37] , 3-deg slanted multimode fiber Bragg gratings [38] , tilted FBGs for refractometry [39] , sampled FBGs for simultaneous temperature and SRI sensing [40] , LPFG SRI sensors [41, 42] , and so on. But most of them are less sensitive to SRI or less compact than are the microstructured FBGs discussed in this paper. However, they usually have not undergone a chemical etching and would thus retain greater mechanical strength.
With the development of new fiber grating demodulation technologies, manufacturing techniques for microstructured FBGs, and increasing demands on SRI sensing for biochemical and biomedical applications, the future developments of microstructured FBG SRI sensors will aim at higher SRI sensitivity, greater mechanical strength, increased temperature independence, and more compact structure.
